principle of this transduction pathway is to prevent the accumulation of ␤-catenin in the cytoplasm when Wnt signals are absent, but to allow the build-up of high ␤-catenin levels when they are present. An intricate machinery has been identified which normally marks 
previously unknown complex of nuclear proteins that transheterozygous situations, three lgs alleles interacted genetically with either arm or pan mutations, causendows ␤-catenin, and hence the Wnt/Wg signaling sysing adult phenotypes characteristic of reduced wg activtem, with the ability to induce target genes. They further ity (see below). These results suggested that lgs, like arm raise the possibility that a deregulation of the Wnt pathand pan, encodes a component of the Wg transduction way may, in some situations, cause B cell malignancies.
pathway and raised the possibility that these components may participate in a common, critical task.
Results
Animals transheterozygous for a strong and a weak allele of lgs die as pharate adults with a striking phenoGenetic Identification of legless as a Gene type: they lack legs and antennae ( Figure 1F ), appendRequired for Wg Signaling ages whose growth and pattern are critically dependent In our attempt to identify new components of the Wnt on Wg activity (Peifer et al., 1991) . These animals also signal transduction pathway, we performed a screen show occasional wing-to-notum transformations, the for dominant suppressors of the rough eye phenotype founding phenotype of the wg gene (Sharma and caused by a sevenless-wg transgene (sev-wg; Brunner Chopra, 1976) that reflects its role in defining the wing et al., 1997) that drives ectopic expression of wg during blade primordium (Ng et al., 1996) . Strong lgs alleles eye development ( Figures 1A-1C) . The majority of supcause larval lethality: homozygotes rarely reach the third pressors found in this screen belonged to one of three instar stage, and the few that do so exhibit miniature complementation groups, two of which represent alleles imaginal discs that fail to express the Wg target gene of the previously identified loci armadillo (arm) and panDistalless (Dll) but show normal expression levels of golin (pan), which encode the Drosophila homologs of the Hedgehog (Hh) target gene patched (ptc, Figures ␤-catenin and TCF, respectively (Brunner et al., 1997).
1G-1J). To explore whether lgs may also be required Six mutations, however, are recessive alleles of a locus for Wg signaling at embryonic stages, we sought to remove a potential maternal contribution of lgs. The on chromosome 4 that we designated legless (lgs). In (C) Positional cloning of the lgs gene. Sequences flanking the MS209 P element insertion, which maps to 102C1, were used to initiate a bidirectional cosmid walk. Chromosome in situ hybridization of an end fragment of cosmid 9-13-1 to both Dp(4;Y)E terminal deletions, PE 9.1 and PE 6.5, determined the proximal end of the walk. The distal end was established with a fragment on cosmid 6-3-2 that hybridized only to the complete chromosome 4. PCR revealed the presence of zfh-2 coding sequence on cosmids beyond that point. Transgenic copies of cosmids 9-13-1, 8-1-1, and 6-2-3, none of which contains a complete lgs gene, failed to rescue lgs mutant animals. Using subfragments from cosmids 9-13-1 and 8-1-1, transcripts of Bip2, CaMKI, lgs, as well as several repetitive transcripts were obtained from an embryonic cDNA library. lgs was identified among these genes by sequencing the BiP2 and lgs coding regions from mutant lines, which revealed missense or nonsense mutations in five of the six lgs alleles, as indicated in (D). (D) Structure of the lgs transcript. The 5.3 kb full-length cDNA clone LD02061 (Berkeley Drosophila Genome Project) is depicted with introns. Black boxes represent coding sequences; gray boxes represent UTR sequences. location of lgs on chromosome 4 necessitated the use deficiencies resulted from random breaks of dicentric Dp(4;Y)E chromosomes, which we produced by Flpof pole cell transplantation to generate mosaic females with a wild-type soma and a lgs mutant germline. Homomediated unequal sister-chromatid exchange ( Figure  2A ; Ahmad and Golic, 1998). Each terminal deficiency zygous mutant embryos derived from such a female display a segment polarity phenotype (Figures 1D and of Dp(4;Y)E was analyzed cytologically and tested for its ability to rescue a homozygous lgs mutant genotype 1E) in which the larval epidermis forms a lawn of ventral denticles and lacks naked cuticle between the segmen-(a small number of those are shown in Figure 2B ). Two terminal deficiencies were identified which barely diftal denticle belts (Nü sslein-Volhard and Wieschaus, 1980). The similarities between the phenotypes of lgs fered cytologically, yet one, PE6.5, is lgs ϩ whereas the other, PE9.1, is lgs Ϫ ( Figure 2B ). Based on these results, and wg further support our conclusion that lgs encodes a component of the Wg signaling pathway.
the lgs gene must be located at position 102B7. A chromosomal walk was initiated with probes flanking P element MS209 to isolate a contiguous stretch of Genetic Mapping and Positional Cloning of lgs Chromosome 4 does not permit meiotic mapping be-150 kb DNA covering the breakpoints of both PE6.5 and PE9.1, as determined by chromosome in situ hybridizacause, unlike all other Drosophila chromosomes, it fails to undergo spontaneous recombination during female tion ( Figure 2C ). Because the region between these two breakpoints must contain at least an essential part of meiosis (Bridges, 1935 , are nonsense mutations predicted to BCL9 was identified as the gene overexpressed in a cell line derived from a patient with precursor B cell cause a premature termination of translation ( Figure 2D ). This candidate gene must represent lgs, since a fullacute lymphoblastic leukemia. It was found that a translocation caused the juxtaposition of the BCL9 gene with length cDNA driven by the ubiquitous promoter of the tubulin␣1 gene was found to completely rescue the leregulatory elements of an immunoglobulin locus (Willis et al., 1998). In both mouse and humans there is an thality and other phenotypes associated with homozygous lgs mutations (data not shown).
additional BCL9-related gene, referred to as mLgs2 and hLGS2, respectively ( Figure 3A) . No data has been reported describing the normal function of these genes. lgs Encodes the Drosophila Homolog of Human BCL9
To explore the possibility that, despite the low degree of sequence similarity, BCL9 could represent the funcThe Lgs protein sequence contains neither a recognizable protein motif nor does it show sequence homolotional homolog of Lgs, a full-length BCL9 cDNA was assembled from human EST clones and used to genergies to any other Drosophila protein. Also, no proteins encoded in the genomes of Caenorhabditis elegans, ate a tubulin␣1 promoter-driven transgene. As illustrated in Figure 3E , this transgene was able to rescue mouse, and humans were predicted to share extensive sequence similarities with Lgs. However, we did identify viability and limb pattern of lgs 17E /lgs 21L animals, which normally die as pharate legless adults ( Figure 3D) . Even a few stretches of ‫03ف‬ amino acids in Lgs that show a statistically significant match to sequences in human animals homozygous for the putative null allele lgs 20F , which causes larval lethality and encodes a severely and mouse BCL9 proteins (Figures 3A-3C ; Willis et al., 1998) . Although short, these patches of protein similaritruncated protein (amino acids 1-383), are rescued to adults, although the majority of these individuals (80%) ties are arranged in a colinear fashion in these proteins ( Figure 3B ). We refer to these regions as homology dofail to hatch from their pupal cases. Finally, we observed that the segment polarity phenotype of embryos lacking mains 1-3 (HD1-3) Figure 4G ), but in direct contrast to the "naWg-dependent patterning processes when expressed from a transgene in wild-type larvae (data not shown). ked" phenotype of sgg single-mutant animals ( Figure  4H ). We interpret this result to indicate that lgs acts We took this observation as an indication that Lgs normally interacts not only with Arm, but also with at least downstream of sgg in the Wg pathway.
To further narrow down the point of lgs action, we one additional component. In an effort to identify such components, we carried out yeast two-hybrid screens asked whether the constitutive signaling activity of N-terminally truncated Arm is dependent on lgs function. for interacting proteins. In two independent screens in which either the entire protein or the N-terminal half of We used the tubulin␣1ϾlgsϾGal4 system described above to generate embryos devoid of wild-type lgs prodLgs was used as a bait, we identified a novel PHD finger protein as a Lgs binding protein (referred to as Pygopus, uct, yet instead ubiquitously expressing a UAS-arm To demonstrate the specificity of the antiserum, two lgs mutant clones located at the periphery of the wing primordium are shown (D). These clones were generated by the method described above for (A) and (B). (E) Genetic scheme describing how embryos that simultaneously lack maternal and zygotic sgg and lgs functions were generated and marked. These embryos must (1) express GFP, indicating that they derive from a sgg M11 lgs 20F double-mutant female germ cell, (2) lack RFP expression, indicating that they are male embryos without a paternally contributed sgg ϩ X chromosome, and (3) have a yellow (y) mutant cuticle, indicating that they are homozygous for the lgs 20F mutation on chromosome 4. (F) Genetic scheme describing how embryos that simultaneously lack maternal and zygotic lgs functions but zygotically express arm S10 , which encodes a constitutively active form of Arm (Pai et al., 1996), were generated and marked. Figures 7A-7C ). Mutant individuals lacking only zygotic function survive vive). We sequenced the pygo-coding region using genomic DNA from homozygous Sup 130 mutant larvae and until early pupal stages and exhibit imaginal discs that are abnormally small. The Hh target gene ptc was exidentified a 14 bp deletion starting at amino acid position 751. Hence, this allele is referred to as pygo 130 and enpressed at wild-type levels in these discs; however, no expression of the Wg target Dll could be detected (Figcodes a truncated Pygo protein lacking the C-terminal ures 7F-7I). These discs appear to lack the presumptive wing blade field and possess two primordia for the notum (Figures 7G and 7I ). From these results we conclude that pygo, like arm, pan, and lgs, is required for Wg signal transduction in vivo.
From the results presented so far, it can be concluded that Lgs and Pygo are required for the signaling activity of Arm, and that this function depends on the ability of Lgs to interact molecularly with Arm and on the ability of Pygo to molecularly interact with Lgs. Based on their subcellular localization and epistatic relationship with Arm S10 , Lgs and Pygo are unlikely to exert their function by impeding proteasome-mediated degradation of Arm. They could play a role in permitting nuclear import or preventing nuclear export of Arm. However, we think this is also unlikely, because we fail to detect any difference in subcellular localization of Arm in lgs mutant embryos (not shown). An alternative possibility is that Lgs and BCL9, respectively, function to tie Pygo to the ␤-catenin-TCF complex, perhaps to allow Pygo to activate and sustain the expression of Wnt target genes. This hypothesis raises several predictions that will be addressed below. First, this model implies that the main task of Lgs/BCL9 is to serve as an adaptor to tether Pygo to Arm/␤-catenin. Thus, most of the Lgs/BCL9 protein should be dispensable, as long as HD1 is covalently linked to HD2, allowing the formation of a bridge between Arm/␤-catenin and Pygo. Lgs might even be entirely superfluous if Pygo was endowed with the ability to directly bind ␤-catenin. Second, this model would require that Arm/␤-catenin is able to bind simultaneously, and stably, with both Pan/TCF and Lgs/BCL9. This in turn would necessitate separate binding sites on Arm/␤-catenin for Pan/TCF and Lgs/BCL9. Finally, Pygo proteins would have to possess the ability to stimulate transcription when recruited to promoters of Wnt target genes. Figure 6E) . Surprisingly, expression of this hybrid protein fully rescued patterning and growth of lgs 20F null repeat domain mediates the binding of ␤-catenin to cadherins, APC, Axin, and TCF. Despite the lack of sigmutant animals. Although some of these animals failed to hatch from their pupal cases, more than 50% did nificant sequence homologies, these proteins bind competitively to ␤-catenin, presumably because they conhatch, and hence represent fully rescued animals ( Figure  6E ). An even smaller protein, consisting only of HD1 and tact the same surface area of ␤-catenin (reviewed by Daniels et al., 2001). If Lgs/BCL9 also bound to this HD2 connected with three copies of the HA tag, could also substitute for Lgs protein at a rescuing efficiency surface, it would be expected to compete with Pan/ TCF for the interaction with ␤-catenin and could not be only slightly lower than that of the HD1-Gal11-HD2 protein. Finally, we asked whether even HD1 might be disrecruited to Wnt target genes. We therefore sought to address this issue by using peptide competition and pensable if Pygo was directly equipped with HD2 and hence with the ability to bind to Arm. A tubulin␣1 procoimmunoprecipitation experiments. First we used biotinylated peptides representing the moter-driven transgene was constructed in which the PHD finger of Pygo was replaced by the HD2 domain of N-terminal domains of hTCF4 (or Pan) to pull down labeled ␤-catenin (or Arm protein) with avidin beads (FigLgs (Figure 6E ). Remarkably, this fusion protein rescued both lgs 20F as well as pygo 130 mutant animals ( Figure 6E ). ures 8A and 8B). This peptide-protein interaction could be effectively disrupted by an excess of nonbiotinylated Thus, we conclude that the PHD finger has no other essential role besides binding Pygo to Lgs, and that TCF or Pan peptides, but not by an excess of HD2 peptides ( Figures 8A and 8B) . We then used GST-BCL9 the primary, and possibly sole, function of Lgs is the recruitment of Pygo to Arm.
The Principal Role of Lgs Is to Recruit Pygo to Arm
protein to pull down labeled hTCF4 in the presence of action involving ␤-catenin must be highly specific and
